Abstract -In the telecommunications industry techniques for purifying and characterizing materials, and analytical methods for solving chemical problems have been vitally important for technological progress. The application of reliable analytical methods to determine optimum conditions for preparing materials in controlled states of purity continues to be essential. In fact, the production of materials with unique properties, determined by doping precisely with impurities on the one hand or by insuring the absence of other detrimental ones, continues to be a key to technological advancement.
The most recent critical need in the industry for pure materials and ultratrace analysis resulted from the initiation of applied research and development of optical waveguide systems, where tolerance limits for waveguide materials were projected to be in the 2 to 100 ng/g range for commonly found transition metal impurities Fe, Co, Cr, Cu, Mn, Ni, and V. Applications of neutron activation, X-ray fluorescence, atomic absorption,and laser intracavity absorption spectroscopy in support of optical waveguide programs will be discussed. Examples will be provided to demonstrate the use of these techniques for screening commercially available glass-making raw materials and chemical vapor deposition reagents, for unequivocally identifying impurities in glasses and fibers, and for detecting sources of contamination during glass-making and fiberdrawing.
In the absence of materials of sufficient purity from available commercial sources, specialized preparations have been performed under controlled executions of solvent extraction, ion exchange, mercury cathode electrolysis, and low temperature sublimation. The advantages and pitfalls of these methods will be compared. It will be demonstrated that radioisotope techniques and activation analysis are the most powerful and reliable tools for establishing optimum conditions for executing these procedures and for pinpointing specific deficiencies of each purification process. Factors limiting the ultimate state of purity achievable for analytical reagents for trace analysis will be discussed.
INTRODUCTION
Many industries in the United States are quite dependent upon analytical chemistry for their growth and ultimate success. The communication industry provides a particular example where techniques for purifying and characterizing materials, and methods for solving chemical problems have been vitally important for technological advancements. As is now well recognized the first real revolution in communication technology followed the development of zone refining techniques at Bell Laboratories. This process made it possible to prepare extremely pure silicon, germanium, and other materials from which semiconductor devices could be processed. Soon after this discovery materials were fabricated with such high degrees of purity that trace elements could not be easily detected by existing analytical methods. Thus electrical tests, such as resistivity and others were used. Although these electrical methods were very useful, they were nonspecific; and it was not 820 JAMES W. MITCHELL possible to identify the impurities present. As a result, analytical research to develop extremely sensitive, specific methods was stimulated and has continued to be a primary factor essential in technological research and development.
As is already evident instrumental and chemical methods for trace analysis have been developed and applied to a wide variety of materials characterization problems. Many materials in controlled states of purity are required for fabricating various components of telecommunications systems. In fact the production of materials with important properties has been one of the keys to technological advancement in the communications industry. A few examples of materials and important properties are listed in Table 1 . The properties of some materials change dramatically with impurity content and with variation in composition. Low ppb levels of certain impurities in semiconductors and glass will render the material completely useless for the intended application while certain properties are only obtained by precisely doping materials with known amounts of important trace elements.
The most recent critical need in the telecommunications industry for pure materials and trace element analyses occurred with the initiation of research to develop optical waveguide systems. Although today's telephone systems depend largely on transmission of electrical signals via copper conductor cables, systems of the future will be based on combinations of electrical and optical transmission components. A schematic diagram of a representative optical waveguide cable is shown in Fig. 1 . Trace analysis for optical waveguide technology 821 An optical wavegulde is essentially a light pipe into whIch light of appropnate characteristics is launched from a suitable LED or laser source and then Is propagated through the fiber via total internal reflection from the core-cladding interface. Because the transmission bandwidth capacity of the fiber is extremely large and its physical dimensions exceedingly small in comparison to other systems in use today, the worldwide telecommunications industry is very active in applied research, development and deployment of optical waveguide systems.
Glass has emerged as the most suitable material for fabricating optical waveguides. To be useful for this purpose the material must be devoid of impurities that would attenuate the propagating light via absorption losses. Projected tolerance limits for certain transition elements in glasses of various composition are given in Table 2 . The analytical information required for supporting the waveguide research program included, rapid screening of available glasses and glassmaking raw materials to determine their suitability for waveguide production, identifying impurities present in these materials, detecting sources of contamination during glassmaking and fiber drawing, and developing procedures for preparing materials of sufficient purity in the event commercially available products were too impure. To obtain this information extremely sensitive and reliable quantitative methods were required since small changes in the levels of various traces would need to be distinguished. The appropriate support method could be chosen from the listing of analytical techniques in Table 3 . Neutron activation analysis (NAA) was selected as the primary support method because of its characteristic features of [1] sufficient sensitivity for direct sub-ppm and sub-ppb detection of a large number of trace elements, [2J application for rapid, semi-quantitative survey determinations of a large number of elements or highly accurate, selective, single element determinations using chemical separations, and [3] freedom from blank problems that could occur during post-irradiation chemical processing of the sample. X-ray fluorescence (XRF), atomic absorption spectroscopy (AAS), and laser intracavity absorption spectrophotometry have also been applied. Inspection of gamma-ray spectra is used to select the most pure compound in a series of samples irradiated simultaneously. Sample A in Fig. 2 is clearly the most pure product with respect to impurities of interest. decay period showed considerable contamination by th±rare trace element. This was subsequently related to the use of platinum containers for thermal decomposition of a high-purity precursor compound to obtain calcium carbonate.
Iridium, an additive of platinum to increase hardness, is detected with very high sensitivity. Because of its large cross section and long halflife, detection of this isotope serves as a sensitive probe to determine contamination from platinum containers.
Similar instrumental analyses by y-ray spectroscopy to perform semiquantitative analyses of available silica showed degrees of purity represented by the data in Table 14 , These initial surveys of readily available glassmaking raw materials showed them to be insufficiently pure for optical waveguide use. In the case of silica, the semiquantitative survey reported in Table 14 indicated that Fe contamination in all of the commercially available powdered silica exceed tolerance limits. Although synthetic fused silica rods (Suprasil) were the purest form of silica available commercially and appeared to meet specifications for most elements,powdered starting materials were required for the production of bulk glass by melting techniques.
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Spectra of CaCO, samples distributed by suppliers of lihtguide merials are shown in Fig. 3 Characteristic photopeaks, for 6Co, -Cr, and °Sc are present in Sample B. .Semiquantitative y-ray spectrometric surveys using synthetic comparison standards
PURIFICATION METHODS
When readily available commercial raw materials are not sufficiently pure to meet waveguide tolerance limits for trace impurities, materials of sufficient purity must be prepared specifically. This project was attacked by a special task force consisting of purification specialists and analytical chemists with expertise in quantitative, ultratrace, inorganic analyses. Appropriate purification schemes had to be devised and evaluated for producing the desired reagent. Radioisotope techniques and activation analyses were powerful tools for establishing optimum conditions for executing the procedure and for pinpointing specific deficiencies of each step of the purification process.
Solvent extraction Solvent extraction is an excellent method for preliminary purification of reagent grade solutions of sodium or calcium. The efficiency of step A (Fig. L) was evaluated by measuring distribution ratios for Cu, Fe, Cr, Mn, Co, and V using appropriate radioisotopes. The measured distribution ratios and the corresponding data showing percentage extraction results indicated excellent removal of trace quantities of Mn, Go, Fe, and Cu from sodium feed solutions. but the distribution ratios for Cr3+ and were low. could not be 100% eXtractedwith 0.2% solution of pyrrolidinedithiocarbamic acid (HPDC) in CHC12 (6N HC1 to pH 3.0!), with dithizone, or with 0.01-0.1 M 8-hydroyquinoline in CHC13 at any pH.
Other investigations with radiotracers aided in evaluating solvent extraction methods for preparing ultrapure calcium carbonate. Multiple extraction of 5.0 M calcium nitrate solutions with CHC1 contining 1% dithiocarbamate showed effective removal of ng/ml amountsof Fej+ and Mn2+. Distribution ratios at pH 7.l were "44 and 900 respectively. This extraction system was used effectively to decptaminat,calcium solution ccritaining Mn impuritis. Saniples of an original and extracted calcium solution were irradiated. §OMfl and 6Cu were separated simultaneously by extraction into CHC1 solutions of 8% HPDC-O.12% dithizone. Results by activation analysis showed 109 + 10 ng and <0.1 ng of Mn in the original and purified solutions. Copper was below detection limits in both samples. Ion exchange Ion exchange procedures are very effective for removal of ultratrace Imourities. A flow diagram of a procedure for preparing sodium carbonate is shown in Fig. 4 , Procedures of this kind require many handling steps and c.iemical manipulations. Therefore, extreme care is necessary to minimize contamination from containers and to ensure that the most pure chemical reagents are used. Other major sources of impurities, for example, the reagent grade NaNO feed solution and exchangeable cationic impurities on the Amberlite IR 120 rdsin, must be recognized and minimized. Steps A and C were designed to purify the feed solution and to remove impurities from the loaded ion exchange resin. Ion exchange resins were also purified by elution with Trace analysis for optical waveguide technology 825 EDTA prior to loading with feed solutions.
B - (12) PREPARATION OF SODIUM CARBONATE Solvent extraction and ion exchange scheme for purifying sodium solutions
The effectiveness of the entire procedure for removing submicrogram/ml amounts of Fe, Mn, Cu, Cr, Co, and V was determined by radioisotope techniques. One portion of a prepurified sodium nitrat feed solution was doped with carrier-free or high6pecific,ctivity 59Fe, 5'Mn, 5-Cr, and 60Co and the second aliquot with Cu and 't0VO. The effectiveness of each step of Experimental verification of the extremely high efficiency of the method for the purification of hydrogen peroxide was reported previously (Ref.
ELECTROLYSIS TIME (HRS)
Trace analysis for optical waveguide technology 827 required for efficient removal of ultralow levels of manganese. Accurate control of the pH and time of electrolysis resulted in large scale preparation of calcium carbonate which passed the specification for manganese.
7).
Analytical results for the purification of a number of important chemical reagents is given in Table 7 . The low temperature sublimation technique is now applied for the batch-scale production of kilogram quantities of MCVD reagents
QUANTITATIVE ANALYSIS OF HIGH PURITY MATERIALS
The production of ultrapure reagents depended critically on high sensitvity and very reliable quantitative analyses. To obtain the required information chemical separations and procedures for post irradiation procsing of raw materials were devised. The radionuclidic interference from Na during the determination of Cu and Mn in sodium carbonate was eliminated by passing carrier-doped solution through hydrated atimony pentoxide (HAP) columns to remove 2 Na. Interference from othr matrix isotopes are eliminated by simultaneously extracting °Cu and 5°Mn at pH 6 to 8 into CHC1 containing 1% pyrrolidine dithiocarbamic acid and 0.01% dithizone (Ref. 8 . Cu and Mn in samples of calcium carbonate have been determined in a similar manner. It was not necessary to remove high levels of 2Na with the HAP column since the organic extracts of dissolved calcium carbonates contained only low background activity from this matrix isotope.
The reliability of procedures has been assessed by performing replicate analyses (6 determinations) of synthetic standard solutions prepared by dissolving extremely pure sodium carbonate ([Cu] = 18.9 + 7 ng/g, [Mn] = 3.3 ± 0.7 ng/g) and doping with with 1.00 pg/ml of Cu and O.T107 ig/ml of Mn. Additional data on calcium carbonate purity with respect to Cu and Mn are given in Table 5 . Other trace elements in sodium carbonate with long lived isotopes, °Co, 51Cr, and S9Fe, for example, can be measurç instumentally following 100 hr. irradiations at a neutron flux of 2 x l0 n/cm sec and 10 to 20d decay periods. Detection limits of 120, 2, and 0.5 ng were dicaed by meauring respective activities from appropriate photopeaks of Fe, -Cr, and OOC0 induced in synthetic standard solution.
The determination of these tces in calcium carbonate is complicated by the decay of the matrix isotope 'Ca. Although the matrix isotopeould be lowed to decay before measuring low levels of activity from 'Fe, S1Cr, and o Co, separating matrix isotopes chemically permits analytical results to be obtained more quickly. Sc and Ca have been removed by extraction with TOPOcyclohexane and HTTA-TOPO-cyclohexane respectively. Carbonates of sodium and calcium analyzed via these methods have usually shown levels of Cr, Co and Fe below detection limits (Ref. 8).
Instrumental gamma-ray spectroscopy has proven extremely useful for screening high-purity silica because of the favorable nuclear decay of the matrix. Characteristic photopeaks can often be assayed immediately after irradiating the samples. The spectra of the sample in Fig. were recorded I hrs. after the end of a 100-hr irradiation. In spectrum A 2Br, 2Na, and -Cr are visible. After decay of the more abundant shorter lived radionuclides, spectrum was ptained by counting for 23 minutes. Characteristic photopeaks of '9Fe, °°Co, and -Cr are more distinct than observed in spectrum A.
Cu and Mn in silica can be determin quantitatively after 15 or 30 mm. irradiations and volatilization of Si by HF. After 100-hr. irradiations and 2-day decay periods, Cr and Co are assayed nondestructively, while up to 60 day irradiations are necessary to increase detection limits for Fe. Table 8 .
Reasonable precision and acceptable accuracy are shown for the determination of relatively large amounts of Fe and Co. The precision for iron determinations in SRMs 112 and 85B is +5% and +2.1% respectively as measured by relative standard deviations. The average absolute error of the value determined for SRM 112 was 2.5% compared to the recommended NBS value. Based on the certified value for SRM 85B an absolute error of 14.6% occurred. Accuracy of the results for cobalt could not be assessed since no certified data were available. However, the accuracy of these measurements should be similar to that obtained for iron in view of the comparable precision for cobalt determinations at much lower levels than iron.
Using the instrumental methods described above,measureable limits for trace elements in fused silica were 1.0, 0.1, .01, and 80 ng for Cu, Mn, Co, Cr, and Fe respectively. During most analyses very low levels of Cu and Mn were found. One example of results obtained by neutron activation for the determination of various elements in silica prepared by special procedures is Extremely pure raw materials have been prepared successfully and analyzed by the methods described previously. Additional data for purity characterizations are reported in Tables 9 and 10 . The results for these materials are reported in chronological order with respect to the sequence of their preparation in the laboratory. With few exceptions, the results for silica indicate that specifications were being met for Cu, Mn, Co, and Cr. Although no clear trend of increasing purity with time of preparation is seen, silica of extreme purity was obtained routinely. In contrast to the high-purity of silica, samples of the carbonates (Table 9) have Cu (usually above specifications) and periodic Mn contamination. Sodium carbonates [ (1) and (2)] and calcium carbonates [(l) - (4)] were prepared during the period in which the purification processes were carefully monitored by analysis at various steps. Preliminary samples were analyzed also prior to the delivery of the large sample. Very low levels of impurities were found in these samples, whereas the remaining samples (Table 10 ) of sodium carbonate were highly contaminated with Cu. Most of these samples were delivered without any prior analyses.
For quantitative determinations of trace elements in volatile halides, of Si, Ge, P, B and As graphite furnace atomic absorption spectroscopy (AAS) was the Reliable procedures were developed for processing samples prior to analysis with minimum contamination and without loss of trace elements (Ref. 10). In these reagents iron was the most prevalent impurity and the bulk of all trace transition element impurities was confined to particulate matter contamination in the reagent rather than being solubilized in the liquid reagent. Measurement limits for the AAS technique were "1, 0.3, 0.5, 0.2, 0.5, and 0.5 ng/g for Fe, Cr, Ni, Mn, Cu and Co respectively.
In the sub-ng region quantitative determinations of iron in silicon tetrachloride have been based on laser intracavity absorption spectrometry. An analytically useful laser intracavity spectrometer has been described (Ref. 11) and its application to quantitative determinations of iron has been reported (Ref. 12) . A key to the successful exploitation of the inherent sensitivity of the intracavity method for practical analysis was the ultrapurification of analytical buffer and redox reagents used in the spectrophotometric procedures (Refs. 12,13).
CONTAMINATION PROBLEMS
During glass melting In order to perfect techniques for glass-making material scientists performed exploratory glass-melting experiments using impure reagents. As anticipated, glasses with absorbance losses in the 200-600 dB/Km range were fabricated. The gamma-ray spectrum of a sodium-calcium-silicate glass synthesized from raw materials from a single supplier is given in Fig. 7 . The presence of silver was unexpected and both Cr and Co were well above tolerance limits. One of the better optical quality samples (still well above the desired 10 dB/Km), prepared from materials from another source, gave the gamma-ray ger-ppint own in Fj,g. 8. Characteristic photopeaks of 5-Cr, -92Ir, -Sb, °Sc, °Zn, and OUCO are present in the glass, but no -92Ir was detected in any of the spectra of the raw materials used in preparing this sample. Samples of platinum from crucibles sed in the melting operation were irradiated and substantial activity (>10 counts/mm per 100 mg of Pt) from 1921r was detected. Gamma-ray spectrometric analysis of glasses melted in an oxygen atmosphere also contained photopeaks of iridium. However, in nitrogen atmospheres less irridium was detected in the glass. Thus, preparation of glasses by melting in a nitrogen atmosphere reduced contamination from platinum vessels. During fiber production Modified chemical vapor deposition (MCVD) methods are now being used routinely for the production of preforms from which optical waveguide fibers are drawn (Ref. 5) . In this method suitable volatile compounds of silicon plus phosphorus, germanium, or boron are thermally decomposed to form oxide composites inside fused silica tubes. Initially during these investigations some fibers occasionally failed to meet stringent specifications and causative factors were sought by performing neutron activation analyses. The most probable suspects were contaminants present initially in the MCVD starting materials and surface contaminants in the silica tube. The source of optical loss was investigated as follows. Two tubes of approximately equal size (0.63 cm x 8.16 cm), one with a tl'iin film of the CVD deposit, TiO-SiO,, and the other without were prepared and sealed under the conaitiofi existing during the preparation of fiber preforms. These tubes and an aliquot of a standard solution containing known amounts of Na, Mn, Cl and Cu were irradiated simultaneously for twenty minutes. After the irradiation, sample tubes were immersed in 1:1 HNO and rinsed with water to remove any contaminants from the exterior surfac. One end of each sealed tube was then carefully opened and each capsule was filled with the same volume of 1:1 HF and HNO. The Ti02-Si00 thin film was completely dissolved during a 5 mmute equilibration at roam temperature. Gamma-ray spectra of these solutions are reproduced in Fig. 9 (a) and (b).
The solution containing the dissolved film was contaminated with 1.3 pg of Na, 2.5 pg of Mn and 8.6 pg of Cu. Quantities of these impurities in the solution from the blank tubes were Na = 0.93 pg, Mn = 3. In addition to the purity of raw materials and freedom from contamination during the fabrication of bulk glass, it is also necessary to prevent contamination when drawing fibers. On one occasion low loss SiO fibers (2 dB/Km) were drawn from commercially available pure fused silca and coated with Teflon (FE?). In a subsequent drawing using identical procedures, but with a new furnace, a fiber with a loss over 300 dB/Km was produced. Samples of the acceptable and rejected fiber (l5.21 cm lengths x 0.016 cm/dia, sample wt. " O mg) were activated to identify the impurities responsible for high absorbance losses in the bad fiber. Results (ng/g) for good and bad fibers were respectively Cu, 89 and 311; Mn, 2.2 and 60; and Co <0.1 and 2.2. The Cr and Fe levels in each fiber were below detection limits of 10 and 200 ng respectively. No W was found in the low loss fiber, but 900 ng/g was found in the bad fiber. After stripping the FEP coating from a sample of the high loss fiber and irradiating it, some of the W could be removed by rinsing the fiber in warm 1:1 HNO. This suggested that the impurity was probably located at the surface of the fiber and was most likely deposited during drawing. The walls and heating elements of the furnace were contaminated with these impurities.
CONCLUSION
Low loss optical waveguides are now being manufactured routinely under factory conditions in many facilities throughout the world. The rapid progress in development of these systems has been dependent critically on the development of trace analytical techniques for materials characterization and on new purification methods. Analytical chemistry research in these areas continues to be vitally important for industrial growth and technological advancement.
